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Abstract. Thispaperdescribesanimplementationof theMessagePassingInter-
face(MPI) onthePortals3.0datamovementlayer. Portals3.0provideslow-level
building blocksthatareflexible enoughto supporthigher-level messagepassing
layerssuchasMPI very efficiently. Portals3.0 is alsodesignedto allow for pro-
grammablenetwork interfacecardsto offloadmessageprocessingfrom thehost
processor. We will describethe basicbuilding blocks in Portals3.0, show how
they canbeput togetherto implementMPI, anddescribetheprotcolsof anMPI
implementation.Wewill look atseveralkey operationswithin anMPI implemen-
tationanddescribetheeffectsthataPortals3.0implementationhasonscalability
andperformance.

1 Introduction

The advent of clustercomputinghasmotivatedmuchresearchinto messagepassing
APIs and protocolstargetedfor delivering low-latency high-bandwidthperformance
to parallelapplications.Relatively inexpensive programmablenetwork interfacecards
(NICs), likeMyrinet [1], havemadelow-level messagepassingprotocolsandprogram-
ming interfacesa popularareaof research[2–8]. Most of theseactivities have been
focusedondeliveringlatency andbandwidthperformanceascloseto thehardwarelim-
itationsaspossible.

The currentPortals[9, 10] datamovementinterface(Portals3.0) is an evolution
of networking technologyinitially developedfor large-scaledistributedmemorymas-
sively parallelsystems.Portalsbeganasa key componentof our lightweightcompute
nodeoperatingsystems[11,12], andhasevolvedinto aprogramminginterfacethatcan
be implementedefficiently for differentoperatingsystemsandnetworking hardware.
In particular, Portalsprovidesthenecessarybuilding blocksfor higher-level protocols
to be implementedon programmableor intelligentnetwork interfaceswithout provid-
ing mechanismsthat are specificto eachhigher-level protocol.This paperdescribes
how thesebuilding blocksandtheir associatedsemanticscanbecombinedto support
the protocolsneededfor a scalablehigh-performanceimplementationof the Message
PassingInterface(MPI) Standard[13].
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pany, for theUnitedStatesDepartmentof Energy undercontractDE-AC04-94AL85000.



The restof this paperis organizedasfollows: In the next section,we give a brief
overview of thePortals3.0 API. In section3, we presentthe initial implementationof
MPI on Portals3.0. Section4 describesa problemthat we encounteredwith this im-
plementationandSection5 describesa secondimplementationof MPI thatusesa new
semanticaddedto Portalsto overcomethis limitation. We briefly discussthe benefits
of our implementationwith respectto progressin Section6 andconcludein Section7
with summaryof thekey pointsof thispaper.

2 Portals 3.0

ThePortals3.0API is composedof elementarybuilding blocksthatcanbecombinedto
implementa wide varietyof higher-level datamovementlayerssuchasMPI. We have
triedto definethesebuilding blocksandtheiroperationssothatthey areflexible enough
to supportother layersaswell asMPI, but MPI wasour main focus.The following
sectionsdescribePortalsobjectsandtheir associatedfunctions.

The Portalslibrary providesa processwith accessto a virtual network interface.
Eachnetwork interfacehasanassociatedPortaltablethatcontainsat least64 entries.
Thetableis simply indexedfrom 0 to n � 1, andtheentriesin thetablenormallycor-
respondto a specifichigh-level protocol.Portalindexesarelike port numbersin Unix.
They providea protocolswitchto separatemessagesintendedfor differentprotocols.

Datamovementis basedon one-sidedoperations.Otherprocessescanusea Por-
tal index to read(get)or write (put) thememoryassociatedwith theportal.Eachdata
movementoperationinvolvestwo processes,the initiator andthe target. In a put op-
eration,the initiator sendsa put requestcontainingthe datato the target. The target
translatesthePortaladdressinginformationusingits local Portalstructures.Whenthe
requesthasbeenprocessed,the target may sendan acknowledgement.In a get op-
eration,the initiator sendsa get requestto the target.The target translatesthe portal
addressinginformationusingits local Portalstructuresandsendsa reply with the re-
questeddata.

Typically, one-sidedoperationsusea triple to addressremotememory: � processid,
buffer id, offset� . In addition,portal addressesinclude a set of matchbits. Figure 1
presentsa graphicalrepresentationof thestructuresusedto translatePortaladdresses.
Theprocessid is usedto routethemessageto thetargetnode.Thebuffer id is usedas
anindex into thePortaltable,this identifiesamatchlist. Thematchbits (alongwith the
id of theinitiator) areusedto selectamatchentry(ME) from thematchlist. Thematch
entry identifiesa list of memorydescriptors.The first of theseidentifiesa memory
regionandanoptionaleventqueue.

Thematchentriesin a matchlist aresearchedin sequentialorder. If a matchentry
matchestherequest,thefirst memorydescriptorassociatewith thematchentrywill be
testedfor acceptanceof the message.If the matchentry doesnot matchthe message
or thememorydescriptorrejectsthemessage,themessagecontinuesto thenext match
entryin thelist. If thereareno furthermatchentries,themessagesis discarded.

Memorydescriptors(MDs) have a numberof optionsthat canbe combinedto in-
creasetheirutility. They canbeconfiguredto respondto putoperations,getoperations,
or both.Eachmemorydescriptorhasa thresholdvaluethatdetermineshow many op-
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erationscanoccurbeforethe descriptorbecomesinactive. In addition,eachmemory
descriptorhasan offset valuewhich canbe managedlocally or remotely. Whenit is
managedlocally, theoffsetis increasedby thelengthof eachmessagethatis deposited
into thememorydescriptor. Consecutivemessageswill beplacedin theuser’smemory
oneaftertheother. Memorydescriptorscanspecifythatanincomingmessagewhich is
largerthantheremainingspacewill betruncatedor rejected.

Memorydescriptorscanbechainedtogetherto form alist. Moreover, eachmemory
descriptorscanbe configuredto be unlinked from the list whenit is consumed(i.e.,
whenits thresholdbecomeszero).Whenthelastdescriptorin thelist is consumedand
unlinked, the associatedmatchentry alsobecomesinactive. Eachmatchentry canbe
configuredto unlink whenit becomesinactive.

The decisionto generatean acknowledgementin responseto a put operationre-
quiresinput from both the initiator and the target. The initiator must requestan ac-
knowledgementandthememorydescriptorusedin theoperationmustbeconfiguredto
generateanacknowledgment.

Memory descriptorsmay have an associatedevent queue(EQ). Event queuesare
usedto recordoperationsthathave occuredon memorydescriptors.Multiple memory
descriptorscanshareasingleeventqueue,but amemorydescriptormayonly haveone
eventqueue.

Therearefive typesof eventsthat representthe five operationsthat canoccuron
a memorydescriptor. A PTL EVENT GET event is generatedwhena memorydescriptor
respondsto a get request.A PTL EVENT PUT event is generatedwhena memoryde-
scriptoracceptsa put operation.A PTL EVENT SENT event is generatedwhenit is safe
to manipulatethe memoryregion usedin a put operation.A PTL EVENT REPLY event
is generatedwhenthe reply from a get operationis storedin a memorydescriptor. A
PTL EVENT ACK event is generatedwhen a acknowledgementarrives from the target
process.In additionto the type of event,eachevent recordsthe stateof the memory
descriptorat thetime theeventoccurred.

3 Initial MPI Implementation

In this section,we describeour MPI implementationfor Portals3.0.This implementa-
tion is a port of MPICH [14] version1.2.0,which usesa two-level protocolbasedon
messagesizeto optimizelatency for shortmessagesandbandwidthfor largemessages.
In additionto messagesize,the differentprotocolsareusedto meetthe semanticsof
thedifferentMPI sendmodes.



We usethe matchbits provided by Portalsto encodethe sendprotocol (3 bits),
the communicator(13 bits), the local rank (within the communicator)of the sending
process(16 bits)andtheMPI-tag(32 bits).DuringMPI Init(), we setup threePortal
tableentries.Thereceive Portal is usedfor receiving MPI messages.Theread Portal is
usedto for unexpectedmessagesin the long messageprotocol.Theack Portal is used
for receiving acknowledgementsfor synchronousmodesends.We alsoallocatespace
for handlingunexpectedmessages,the implementationof which we describebelow.
After thesestructureshave beeninitialized,all of theprocessesin thejob call a barrier
operationto insurethatall havebeeninitialized.

3.1 Short Message Protocol

LikemostMPI implementations,weuseaneagerprotocolfor shortmessages(standard
andreadysends).Theentireuserbuffer is sentimmediatelyand“unexpectedmessages”
(wherethereis no pre-postedreceive)arebufferedat thereceiver.

For standardsends,we allocatean MD to describethe userbuffer andan EQ as-
sociatedwith the MD. We configurethe MD to respondto put operationsandsetthe
thresholdto one.Wecreateanaddressstructurethatdescribesthedestinationandfill in
thematchbits basedon theprotocolandMPI information.Using the Portalput func-
tion, we sendthe MD to the receive Portal of the destinationprocess,requestingthat
no acknowledgementbesent.This sendis completewhenanevent indicatingthat the
messagehasbeensentappearsin theEQ.

For synchronoussends,we needto know whenthemessageis matchedwith a re-
ceive.We startby allocatinganMD andanEQ asdescribedearlier. Next, we build an
ME thatuniquelymatchesthis message.This ME is associatedwith theMD allocated
in the previousstepandattachedto the local ack Portal. We configurethe MD to re-
spondto acknowledgementsandput operationsandsetthethresholdto two. Whenthe
Portalput operationis called,we requestan acknowledgment,andincludethe match
bits for theME in 64 bits of out-of-banddata,calledtheheaderdata.

Completionof a shortsynchronousmodesendcanhappenin oneof two ways.If
thematchingreceive hasbeenposted,anacknowledgmentis generatedby the remote
memorydescriptorasillustratedin left sideof Figure2. If thematchingreceive is not
posted,themessageis buffereduntil thematchingreceive is posted.At this point, the
receiverwill sendanexplicit acknowledgmentmessageusingthePortalput operation,
asillustratedon theright sideof Figure2. A shortsynchronousmodesendcompletes
whenthePTL EVENT SENT eventhasbeenrecordedandeitherthePTL EVENT ACK event
or thePTL EVENT PUT eventhasbeenrecorded.

3.2 Long Message Protocol

Unlike mostMPI implementations,we alsousean eagerprotocolfor long messages.
Thatis, we sendlong messagesassumingthatthereceiverhasalreadyposteda match-
ing receive.Becausethemessagecouldbediscarded,we alsomake it possiblefor the
receiver to getthemessagewhenit finally postsa matchingreceive.

We startby insertingan ME that uniquelydescribesthis sendon the read Portal.
WecreateanMD thatdescribestheuserbuffer. ThisMD is configuredto respondto put
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operations,getoperations,andackoperations.Sinceall of threeof thesemayoccur, we
settheMD’s thresholdto three.We thenattachtheMD to theME. We settheprotocol
bits in thematchbits for a long sendandfill in theothermatchbits appropriately. We
call the Portalput function, requestingan acknowledgmentandwe includethe match
bits of theME in theheaderdata.

As with theshortsynchronousmodesends,thelong sendprotocolcancompletein
oneof two ways.First, if themessageis expectedat the receiver, anacknowledgment
is returned.In this case,the event queuewill containa PTL EVENT SENT event anda
PTL EVENT ACK event.After thesetwo eventshavebeenrecorded,thesendis complete.
This is illustratedon theleft sideof Figure3.
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If the messagewasnot expected,anacknowledgmentis returnedto thesenderin-
dicating that the receiver acceptedzerobytes.The sendermust thenwait for the re-
ceiver to requestthedatafrom thesender’s readPortal.In this case,threeeventsmark
the completionof the send:a PTL EVENT SENT event,a PTL EVENT ACK event, anda
PTL EVENT GET event.This is illustratedon theright sideof Figure3.

Sincethecompletionof this sendprotocolis dependenton a matchinguserbuffer
being postedat the receiver, this protocol is the samefor standardmodeand syn-
chronousmodesends.Moreover, thereadymodesendfor longmessagesis identicalto
a shortstandardmodesend.SincetheMPI semanticsguaranteethata matchingbuffer
is postedat thereceiver, thesenderneednot wait for anacknowledgmentor setup an
entryon thereadPortal.



3.3 Posting Receives

Postinga receive involvestwo lists: thepostedreceive list andtheunexpectedmessage
list. The unexpectedmessagelist holdsmessagesfor which no matchingreceive has
beenposted.Beforea receive canbe addedto the postedreceive list, we mustsearch
the unexpectedlist. Figure 4 illustratesthe match list structurewe useto represent
thesetwo list. This list startswith entriesfor thepostedreceives(noentriesareshown),
followedby amark entrythatseparatesthetwo lists,followedby entriesfor unexpected
messages.
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Fig. 4. MessageReceptionin theInitial Implementation

WhenaprocesscallsanMPI receive,wecreateamemorydescriptorthatdescribes
theuserbuffer. TheMD is configuredto acceptput operations,generateacknowledge-
ments,unlink when used,and is given an initial thresholdof zero (making the MD
inactive).Thecommunicatorid, sourcerankwithin thecommunicator, andmessagetag
aretranslatedinto matchbits. We usethesematchbits alongwith theMD to build an
ME which is insertedjust in front of themark entryin thematchlist.

Next, we searchthe unexpectedmessagesfor a match.If no matchis found we
activate the MD by setting its thresholdto one (this test and updateis atomic with
respectto thearrival of additionalunexpectedmessages).If wefind amatch,weunlink
theME from thematchlist andtake theappropriateactionbasedon theprotocolbit in
themessage.If themessageis alongprotocolmessage,weactivatetheMD andperform
a Portalgetoperation,which readsthesendbuffer from thesender. If themessageis a
shortprotocolmessage,we simply copy thecontentsof theunexpectedbuffer into the
user’s receive buffer. If the headerdatain the event is nonzero,this indicatesthat the
sendis synchronous.In this case,we senda zero-lengthmessageto the ack Portalat
thesenderusingthePortalput operation.



4 Limitations

Whenthe MPI library is initialized, we createtwo matchentries,onefor unexpected
shortprotocolmessagesandanotherfor unexpectedlongprotocolmessages.Thematch
entry for shortmessageswill matchany messagethat hasthe shortmessagebit set.
Thereare1024memorydescriptorsattachedto this matchentry. EachMD providesan
8 KB memorybuffer, hasathresholdof one,is configuredto acceptputoperations,and
doesnot automaticallygeneratean acknowledgment.The matchentry for long unex-
pectedmessageshasanMD of zerobyteswith aninfinite thresholdthatis configuredto
acceptandtruncateputoperationsandautomaticallygenerateanacknowledgment.All
of theMD’s for unexpectedmessagesareattachedto thesameeventqueueto preserve
messageordering.Thiseventqueueis createdwith 2048entries.

Despitebeingableto support1024outstandingunexpectedshortmessagesat any
time, this limitation provedto be too restrictive in practice,especiallyasapplications
scaledbeyond 700 processes.Our applicationdeveloperstypically think of limits in
termsof the messagessizesrather then messagecounts.In our implementation,an
unexpectedmessageof 0 byteswould consumean8 KB memorydescriptor. To anap-
plicationdeveloper, this messageshouldn’t consumeany buffer spaceat all. Moreover,
in aNIC-basedimplementation,1024MD’sconsumesasignificantamountof a limited
resource,NIC memory, leaving fewerMD’s for postedreceives.

5 Second Implementation

To addresstheseproblems,an additionalthresholdsemanticwasaddedto MDs. An
MD could be createdwith a maximumoffset, or high-water mark. Oncethis offset
wasexceeded,the MD would becomeinactive. Figure 5 illustratesour new strategy
for handlingshortprotocolunexpectedmessages.We now createthreematchentries
for unexpectedshortmessages,all with identical selectioncriteria. EachME hasan
MD attachedto it that describesa 2 MB buffer. As unexpectedmessagescomeinto
the MD, they aredepositedoneafter the otheruntil a messagecausesthe maximum
offsetto beexceeded.Whenthishappens,theMD is unlinked,andthenext unexpected
shortmessagewill fall into thenext shortunexpectedMD. Onceall of theunexpected
messageshavebeencopiedoutof theunlinkedMD, theME andMD canbeinsertedat
theendof theshortunexpectedME’s.

This new strategy allows for the numberof unexpectedmessagesto be dependent
on spaceratherthancount.It alsoreducesthe numberof MD’s for shortunexpected
messagesto three,significantlyreducingtheamountof NIC resourcesrequiredby MPI.
Thehandlingof postedreceivesandunexpectedlongprotocolmessagesdid notchange.
Thissemanticchangeto Portalseliminatedtheneedfor listsof memorydescriptors,so
theAPI waschangedto allow only a singlememorydescriptorpermatchentry.

6 Progress

Unlike mostMPI implementationsdescribedin currentliterature[15–18], theseman-
tics of Portals3.0 supportthe necessaryprogressenginefor an MPI implementation
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without the needfor explicit applicationintervention.Portals’flexible messageselec-
tion semanticsandtheuseof eagerprotocolsallow communicationoperationsto make
progressindependentof makingfrequentMPI library calls.While progressof Portals
messagesis dependenton the underlyingtransportlayer, NIC-basedimplementations
areableto supportprogressfor Portals,andhenceMPI, withoutany othermechanism,
suchasa user-level thread.

7 Summary

This paperhasdescribedanimplementationof MPI on thePortals3.0 datamovement
layer. We have illustratedhow Portals3.0 providesthe necessarybuilding blocksand
associatedsemanticsto implementMPI very efficiently. In particular, thesebuilding
blockscanbe implementedon intelligent network interfacesto provide the necessary
protocolprocessingfor MPI without beingspecificto MPI. The implementationde-
scribedin this paperhasbeenin productionuseon a 1792-nodeAlpha/MyrinetLinux
clusterat SandiaNationalLaboratoriesfor morethantwo years.
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